We investigated the effect of hypercholesterolemia on coronary and cardiac hemodynamic responses to intracoronary norepinephrine (NE) (0.01 to 10.0 /ig/min as the bitartrate) in a Gregg cannula autoperfusion system. Coronary blood flow was measured by the radioactive microsphere technique in two groups of open-chest dogs anesthetized with pentobarbital: 10 controls and 8 that were fed a cholesterol-rich diet (CD) which doubled the serum cholesterol level. In the control dogs, NE in doses of 0.01 to 1.0 /ig/min had no effect on coronary vascular resistance (CVR) but 10 /ig/min caused a significant decrease to 0.58 ± 0.12 of control. In the CD dogs, NE at doses of 1.0 and 10.0 /ig/min significantly reduced CVR, to 0.72 ± 0.06 and 0.52 ± 0.11 of control, respectively. There was no consistent effect of NE, at these doses, on myocardial oxygen uptake, left ventricular stroke work index, or maximal positive dP/dt. In a second series of experiments we measured coronary flow with electromagnetic flowmeters in 11 chronically instrumented conscious dogs, 5 controls, and 6 CD. In the control dogs, intravenously administered NE hydrochloride, 0.01 /ig/min, reduced CVR to 0.74 ± 0.07 of control, and 1.0 /ig/min increased CVR to 1.26 ± 0.09 of control. In the CD animals, these effects were seen at a 10-fold lower NE dose, 0.001 /ig/min (0.83 ± 0.11 of control) and 0.1 /ig/min (1.32 ± 0.06 of control). The vasodilation was blocked by propranolol, and vasoconstriction by phentolamine. We conclude that NE at low doses activates /?-adrenoreceptors to reduce CVR and at higher doses activates a-adrenoreceptors to increase CVR; the vasoconstrictor response is inhibited in pentobarbital anesthetized dogs, and hypercholesterolemia sensitizes coronary vessels to both the dilator and constrictor effects of NE. CircRes
IT recently has been shown (Rosendorff and Cranston, 1971; Rosendorff, 1972; that in several vascular beds, including the cerebral and renal, norepinephrine (NE) has a dose-dependent effect; small doses of NE dilate and larger doses constrict resistance vessels. The vasodilator effect of the smaller dose is mediated by low-threshold /3-adrenoreceptors, and the vasoconstrictor effect of the larger doses is the result of both /?-and a-receptor activation, with the a-receptor mediated vasoconstriction predominating.
There also is good evidence (Bloom et al. 1975a (Bloom et al. , 1975b (Bloom et al. , 1976 Bomzon et al., 1977 Bomzon et al., , 1978 that some steroids, such as cholesterol and yS-estradiol, sensitize resistance vessels to NE, both in vitro and in vivo, in the brain and kidney. The effect of sensitization is to lower the dose of NE at which the /?receptor mediated dilation is converted to an areceptor mediated constriction. We thought that it might be important to assess the effect of hypercholesterolemia on the coronary vascular response to NE; if hypercholesterolemia sensitizes coronary resistance vessels to the constrictor effects of NE, then an important mechanism of coronary spasm may be unmasked.
Two series of experiments were performed, one on anesthetized and one on conscious dogs. In the anesthetized dogs, which were open-chest dogs with the left coronary artery autoperfused via a modified Gregg cannula system, we were able to control the coronary perfusion pressure independently of the aortic pressure, and were able to infuse the NE directly into the coronary artery. The conscious dogs, on the other hand, allowed us to study the coronary and myocardial effects of NE in the absence of pentobarbital anesthesia, which is known to distort coronary hemodynamic patterns (Vatner et al, 1974) .
In each group of experiments, in the anesthetized and conscious dog series, the NE dose range chosen was subthreshold for measurable systemic cardiovascular effects. We measured, in each group, the effects of these doses on coronary blood flow and vascular resistance as well as on measures of myocardial function, in dogs which had been on a normal diet, and in dogs made hypercholesterolemic by dietary means. The high cholesterol diet was continued for a time sufficient to induce significant hypercholesterolemia, but not long enough to produce any macroscopic or histological change in the coronary arteries. This was done because the purpose of the study was to observe cholesterol-norepinephrine interactions, and not to study the effects of altered coronary artery morphology on coronary NE responses.
If the coronary vascular system behaves in the same way as the cerebral and renal systems, we predicted that we would find a low dose of NE which is vasodilator, an intermediate dose with no effect, and a higher dose which is vasoconstrictor. In the hypercholesterolemic animals this dose-response relationship would be shifted to the left; that is, the dose at which the dilation is converted to a constriction would be lower than in the control dogs fed the normal diet.
Methods

Anesthetized Dogs
Eighteen dogs weighing 26-35 kg were anesthetized with sodium pentobarbital (25-30 mg/kg) and given supplemental doses as needed. An endotracheal tube was inserted and the dogs were ventilated with room air by a Harvard respirator; if needed, oxygen was added to maintain a normal arterial oxygen tension. Catheters were placed in a femoral vein for infusing saline and in the right femoral artery for blood sampling.
The pericardium was exposed through a left thoracotomy in the 4th intercostal space and then opened widely. Pressure lines connected to Statham P26Db pressure transducers were placed in the descending aorta through the left femoral artery, the left atrium through its appendage, and the coronary sinus as described by Carlson and Utley (1973) . A stiff no. 8 polypropylene pigtail catheter was placed in the left ventricle via the left atrial appendage. The first derivative of left ventricular pressure was measured by active electronic differentiation of the pressure signal and the system was calibrated by triangular wave inputs of known slope. An electromagnetic flow transducer was placed on the circumflex coronary artery near its origin and coupled to a calibrated flowmeter (Narcomatic RT-500). Limb lead needle electrodes were inserted to record lead II of the electrocardiogram. The dog was heparinized (8000 U), and control pressures, phasic and mean coronary arterial flows, and the electrocardiogram were recorded simultaneously on a 12-channel Beckman oscillograph.
After dissecting the fibro-areolar tissue covering the origin of the left coronary artery (LCA), we placed a no. 0 silk ligature underneath the origin of
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Reservoir Infusion Pump FIGURE 1 Modified Gregg cannula autoperfusion system. Blood from the left common carotid artery was routed through a roller pump to a 1-liter glass reservoir in which the pressure could be adjusted. The reservoir was immersed in a water bath thermostatically controlled at 38°C. The tip of the Gregg-type cannula was tied into the left coronary artery (inset). A side-arm permitted the intracoronary infusion of NE or radioactive microspheres. A concentric tube within the Gregg cannula was used to monitor coronary pressure at the cannula tip. Although the system could be used as a constant flow or a constant pressure system, in these experiments we used only the constant pressure mode.
the LCA at its junction with the aorta and proximal to all coronary arterial branches. The left common carotid artery was cannulated with a Bardic tube and its flow was diverted through an occlusive roller pump (Sarns Co.) to a modified Gregg cannula (4.25 mm i.d.) via an interposed 1-liter glass bottle in a water bath at 37°C (Fig. 1) ; the connecting tubing had an internal diameter of 4.5 mm. The tubing in this perfusion system was filled with saline and then the cannula was advanced through an arteriotomy in the left subclavian artery into the root of the aorta. Aortic pressure was recorded through a small tube inside the cannula; the tips of the small inner tube and larger outer cannula were at the same level. Similarity of aortic pressures recorded through this tube and the aortic catheter was verified. The pump was turned on until flows of 100-150 ml/min were reached and then the cannula was advanced into the LCA where it was tied in place. The glass bottle was pressurized with compressed air, its pressure was regulated by a valve to the level of the mean aortic pressure, and then the system was changed from a flow-to a pressureregulated system. Pressure in the bottle was adjusted until the diastolic pressure in the LCA matched aortic diastolic pressure and the pressurized bottle was used to perfuse the LCA while the pump flow was adjusted to maintain a constant level of arterial blood in the pressure bottle. The coronary perfusion pressure was kept constant throughout the experiment. Adequacy of cannulation was confirmed by finding that, upon occlusion of the perfusion line for 10 seconds, the LCA pressure decreased to 10-15 mm Hg and that, upon reperfusion at constant pressure, there was a hyperemic response.
A catheter attached to the Gregg cannula system VOL. 48, No. 3, MARCH 1981 permitted the intracoronary infusion of NE (levarterenol bitartrate). In each experiment there were four 20-minute infusion periods, consisting of normal saline and three out of the four NE doses used in the study, namely, 0.01, 0.1, 1.0, and 10.0 jug/min. Doses refer to total mass of /-norepinephrine bitartrate; the amount of norepinephrine base is half the specified dose. In each experiment, the order was saline, then NE from the lowest to the highest dose, to minimize tachyphylaxis. Transmural blood flow distribution was studied with radioactive microspheres injected 10 minutes after the start of each infusion dose. Four sets of microspheres 9 ± 1 /tm in diameter (mean ± SD) and labeled with 125 I, ""Ce, 85 Sr, or 46 Sc (3M Company) were prepared as previously described by Heymann et al. (1977) . For each myocardial blood flow measurement we injected 3 X 10 5 to 1 X 10 6 microspheres into the LCA perfusion line by flushing them in with 12 ml of arterial blood taken from the femoral artery. The microsphere injections produced no changes in heart rate, systemic or coronary arterial pressures, or coronary blood flow; coronary arterial pressure was stable because the pressure bottle acted as a buffer. Starting immediately before the microsphere injection, blood was withdrawn from a side arm on the cannula at a rate of 10-15 ml/min by a Holter pump to fill successively four collecting vials for 30 seconds each. The microsphere injecting and withdrawal sites were situated on the tubing connecting the pressure bottle to the cannula, were 40 cm apart, and were separated by two mixing chambers. At the same time we injected microspheres, with a different isotope, into the right atrium, and collected reference samples from the pulmonary artery for cardiac output measurement.
Before injecting the microspheres we measured arterial blood gases and pH, and corrected them to normal if necessary. After the microsphere injection, a blood sample was withdrawn from the cannula for the measurement of arterial oxygen and carbon dioxide tensions, pH, and hemotocrit; hemoglobin and percentage oxygen saturation were measured with a hemoxymeter (Radiometer OSM 2) and the oxygen content was calculated assuming an oxygen capacity of 1.36 ml/g of hemoglobin. Blood samples from the coronary sinus and the cannula were collected simultaneously for oxygen content measurements.
At the end of each experiment the heart was arrested by injecting a concentrated solution of potassium chloride, removed, weighed, and fixed in 10% formalin for 1 week. Fat, epicardial vessels, and heart valves were discarded; then the atria and right ventricular free wall were cut off and discarded. The left ventricle was divided into free wall and septum, each of which was divided into apical, mid, and basal portions, which were then subdivided into the anterior and posterior pieces. Each piece was cut into four layers of about equal thickness from endocardia! to epicardial surfaces or from the left to right septal surfaces. The blood samples and muscle were placed in preweighed vials, weighed, and then counted in a well scintillation counter with a Nal (Tl) crystal (Searle Analytic, Inc.) connected to a 512 channel pulse height analyzer. The total activity of each nuclide was calculated by the stripping method of Heymann et al. (1977) . From these counts the flow in the cannula was computed as the quotient of flow and activity (in counts/min) in the reference sample taken from the cannula, multiplied by the total amount of radioactivity injected into the heart (total counts/ min in the vial before injection minus residual counts in the vial). The total and regional flows in the heart were calculated as flow in the reference sample from the cannula, multiplied by the quotient of counts/min in the heart or region and the counts/ min in the reference sample (Domenech et al., 1969) . Cardiac output was calculated as the total counts injected multiplied by the quotient of flow and activity (cpm) in the reference sample taken from the pulmonary artery.
The following indices of myocardial performance were calculated:
1. RPP = LVP syst • HR, where RPP = the ratepressure product (mm Hg/min), LVP 8yst = the left ventricular systolic pressure (mm Hg) and HR = heart rate/min.
2. MVo 2 = QLV (AO 2 -CSO 2 ), where MVo 2 = the myocardial oxygen consumption (ml/100 g per min), QLV = total left ventricular blood flow (liters/ 100 g per min), Ao 2 = oxygen content of coronary artery blood (ml/liter), andCSo 2 = oxygen content of coronary sinus blood (ml/liter).
3. SPTI = HR (P LV t B -P L At D ) where SPTI = the systolic pressure-time index (mm Hg sec/min), HR = heart rate per minute, PLV = the mean left ventricular pressure, measured by electrical damping (mm Hg), ts = duration of the cardiac cycle (sec), PLA = mean left atrial pressure (mm Hg) and to = duration of diastole (sec). 4. LVSW = (SI.P L V syst ) 0.0136, where LVSW = left ventricular stroke work (gram-meters/kg), SI = stroke index (ml/kg), P L v syst = mean left ventricular systolic pressure (mm Hg), and 0.0136 = a conversion factor from mm Hg X ml to gram-meters, having units of gram-meters/mm Hg per ml. 5. dP/dt max = the maximum positive value of the first differential of left ventricular pressure by time (mm Hg/sec).
In addition, we calculated coronary vascular resistance as diastolic coronary arterial minus mean left atrial pressures (mm Hg) divided by total left ventricular flow (ml/100 g per min).
Ten of the dogs were fed a normal diet, including one can of Calcan dog food per day, while the remaining eight dogs were fed the normal diet to which was added each day 100 ml of coconut oil (PVO International) and 20 g of cholesterol (ICN Pharmaceuticals). Non-hydrogenated coconut oil consists of 90% saturated fats, 8% mono-and 2% polyunsaturated fats (Hornstra, 1975) . The high cholesterol diet was continued for 27-36 days before the experiments were performed; this period was found to be sufficient for a significant increase in plasma cholesterol concentration but was not long enough for any morphological changes to develop. Serum cholesterol and triglyceride concentrations were estimated routinely by automated methods (Rush et al., 1970) . Lipids in ultracentrifugally separated lipoprotein fractions were measured by standard techniques (Myers et al., 1976) .
Conscious Dogs
in a second series of experiments, the effect of cholesterol feeding on the coronary vascular response to NE was measured in 11 conscious dogs, 5 controls, and 6 on the same high cholesterol diet as described above, for 26-32 days. Dogs weighing 23-28 kg were anesthetized with sodium pentobarbital, 25-30 mg/kg, and given supplemental doses as needed. They were ventilated by a Harvard respirator via an endotracheal tube, and the heart was exposed through a left thoracotomy. A 2.5-or 3-mm electromagnetic flow transducer (Biotronex) was placed around the circumflex branch of the left coronary artery and secured by the technique described by Alexander et al. (1969) . A 3-mm internal diameter hydraulic snare was placed just distal to the flow transducer, for zero-flow calibration of the baseline. The transducer was calibrated in an in vitro dog blood perfusion system before implantation. A saline-filled catheter was inserted in the descending thoracic aorta through its wall and sutured in place. Lead wires and catheters were brought out through the dorsal chest wall between the scapulae, and taped to the skin. The pericardium was reapproximated with no. 00 silk, and the chest wall closed in the conventional way. The animals were given procaine penicillin, 2 million U, and streptomycin, 0.5 g, intramuscularly daily for 3-4 days postoperatively. Two to three weeks later the cholesterol diet was commenced in the six test animals; all experiments were performed approximately 6-7 weeks after operation.
During the experiments the dogs were unanesthetized and unsedated, restrained only by a canvas cradle to which they had become accustomed during twice-weekly training sessions between the operation and the experiment. A 21 (0.8 mm) Butterfly (luer) needle was inserted into a superficial vein in the foreleg. The experiments consisted of the intravenous infusion, over a period of 20 minutes each as the hydrochloride of saline, then NE (as the hydrochloride), 0.0001, 0.001, 0.01, 0.1, and 1.0 \i%/ min, in that order to minimize tachyphylaxis. During the last 5 minutes of each period, five recordings, a minute apart, were taken of phasic and mean coronary blood flow and phasic and mean aortic pressure, as well as dP/dt aortic pressure, maximum positive dP/dt aortic pressure, and heart rate (from the phasic aortic pressure trace). There is no good evidence that aortic dP/dt is exactly equivalent to left ventricular dP/dt, but this has been used as a rough index of left ventricular function (Rushmer, 1964; Prokop et al., 1970) .
In a further series of experiments on these chronically instrumented conscious animals, we measured the effects of /?-and a-adrenoreceptor blockade on the coronary vascular resistance responses to NE. Beta-blockade was produced by the intravenous infusion of propranolol, 0.5 mg/min, throughout the experiment. Thirty minutes after the commencement of the propranolol infusion, a 20-minute saline infusion was followed by a 20minute infusion of NE, 0.01 jug/min. The experiment then was repeated with combined /?-and ablockade, with propranolol, 0.5 mg/min, and phentolamine, 1.0 mg/min, respectively. The experiment was repeated on another day with NE, 1.0 /xg/min, with a-blockade, and with combined a-and /?-blockade, with the same doses of phentolamine and propranolol. These experiments were done on the conscious control (five experiments) and cholesterolfed (six experiments) dogs.
Results
Effects of Cholesterol on NE Responses in Anesthetized Dogs
In the dogs fed the high cholesterol, high saturated fat diet, the serum total cholesterol increased from a mean of 160 ± 8 (SEM) mg/dl before the diet was commenced, to a mean of 257 ± 18 mg/dl at the time of the experiment. The serum triglyceride concentration increased from 42 ± 6 mg/dl to 214 ± 7 mg/dl during this period. Values of serum total cholesterol and triglyceride concentrations for the control dogs at the times of the experiments were 172 ± 12 mg/dl and 46 ± 4 mg/dl, respectively. In two dogs, cholesterol fractions were measured at the end of the diet treatment period.
In the first dog, with a total cholesterol concentration of 212 mg/dl, cholesteryl esters were the predominant nonpolar lipid components of the combined very low density lipoprotein-low density lipoprotein fraction, with triglycerides comprising 10.5%. In the second dog, with a total cholesterol concentration of 278 mg/dl, cholesteryl esters and triglycerides comprised 41.6% and 3.7% of the lipid mass of this lipoprotein fraction.
At the beginning of each experiment, during the saline infusion, the following values (mean ± SEM) were recorded for the control dogs, with values for the cholesterol-fed dogs in brackets: total LV myocardial blood flow 104 ± 11 (101 ± 11) ml/100 g per min; LV vascular resistance 0.81 ± 0.11 (1.14 ± 0.17) mm Hg/ml per 100 per min; RPP, 13,414 ± 1,120 (11,176 ± 1,730) mm Hg/min; MV0 2 , 11.50 ± 1.83 (8.75 ± 1.34) ml/100 g per min; SPTI, 3,504 ± 295 (3,026 ± 245) mm Hg sec/min; LVSW, 80.6 ± 13.4 (62.5 ± 10.7) gram-meters/kg; and dp/dt™* 1,615 ± 269 (1,376 ± 200) mm Hg/sec. There were no VOL. 48, No. 3, MARCH 1981 0-4 J Dose N E 001 0-1 10 (pg. mirr 1 ) FIGURE 2 Dose response relations for NE in the control (left) and cholesterol-fed (right) anesthetized dogs. CVRNE = coronary vascular resistance during the NE infusion, calculated by dividing coronary per fusion pressure (diastolic coronary artery minus mean right atrial pressures) by total left ventricular flow. CVRSAL = coronary vascular resistance during saline infusion (control). CVRNE/CVRSAL is the ratio of the two resistances: a value greater than 1 represents an increase in CVR during NE infusion (vasoconstriction), and a value less than 1 is a decrease in CVR during NE infusion (vasodilation) . T = total LV resistance, I = inner (subendocardial) LV resistance and O = outer (subepicardial) LV resistance. Bars represent one standard error on either side of the mean. Note that there is significant vasodilation at the 10.0 jig/min dose in the control dogs but, in the cholesterol-fed dogs, significant coronary vasodilation is seen at both the 1.0 and the 10.0 fig/min doses, i.e. there has been a ten-fold potentiation of the vasodilator effect of NE in the cholesterol-fed dogs. No vasoconstrictor effects were seen at these doses. • = P < 0.05; O = P < 0.01; • = P < 0.005. statistically significant differences between the two groups for each of these values (i-test for two means, P>0.05). Figure 2 shows the dose-response relations for NE in the anesthetized control and cholesterol-fed dogs. We have plotted the ratio of coronary vascular resistance during the NE infusion to that during the saline infusion. In the control dogs, only the 10 Hg/min dose of NE produced any statistically significant effect, and that was dilation; however, in the cholesterol-fed dogs, both the 1.0 and the 10 fxg/ min doses dilated the coronaries. This represents a 10-fold sensitization. The magnitude of the dilatation produced by NE, 10 /ng/min, was similar for the control and cholesterol-fed dogs and suggests that this may be a maximal response. At no dose was any vasoconstrictor effect seen. There were no significant differences between total, inner, and outer myocardial flows at any dose of NE.
These different effects in the control and CD dogs were not due to increased myocardial functional responses to NE (Fig. 3 ). This shows no significant differences between the two groups, at all doses, with respect to rate-pressure product, myocardial oxygen consumption, systolic pressuretime index, left ventricular stroke work, or maximum positive dP/dt, with the exception of the effect of the highest NE dose on dP/dt max in the cholesterol-fed animals. There was also no statistically significant effect on cardiac output in either group, at all doses. In fact, at all but the highest NE dose there were minor reductions of myocardial oxygen consumption, stroke work, and indices of contrac- tility that would be expected to cause autoregulatory decreases of coronary blood flow at a constant perfusion. At the highest dose infused, MVO2 increased about 20-25% in each group; this change is not enough to explain a 40-50% fall in coronary vascular resistance.
Effect of Cholesterol on NE Responses in Conscious Dogs
A second series of experiments was carried out on conscious dogs. In the CD dogs the total serum cholesterol increased from 131 ± 10 (SEM) mg/dl to 206 ± 8 mg/dl by the time of the experiment. The serum triglyceride concentration increased from 41 ± 3 mg/dl to 158 ± 7 mg/dl during this period. Values of serum total cholesterol and triglyceride concentrations for the control dogs at the times of the experiments were 145 ± 14 and 48 ± 7 mg/dl, respectively.
In Figure 4 , the results are expressed as a ratio of the coronary vascular resistance during NE infusion 1 and 1.0 fig/min doses. There has been a 10-fold potentiation of the vasodilator and vasoconstrictor effects of NE in the cholesterol-fed dogs; i.e., there is a leftward shift of the dose-response curve of approximately one order of magnitude.
to that during the saline infusion at the five different doses of NE for both the control and the cholesterol-fed dogs. A different pattern from that seen in the anesthetized dogs was observed. In control dogs, there was a significant decrease in the coronary resistance with the 0.01 ^g/min dose of NE. The highest dose, 1 jug/min, was constrictor, the increase in resistance being significantly elevated over the saline control. The intermediate dose, 0.1 /ig/min, had no effect on coronary flow.
In the cholesterol fed dogs, however, the vasodilator dose (0.001 jug/min) was 10-fold lower than in the control dogs, and significant (P < 0.01) vasoconstriction was produced by the 0.1 and 1.0 \i%/ min doses. This represents a one order of magnitude shift of the dose response curve to the left, i.e., a 10fold increase in the sensitivity of coronary resistance vessels with respect to the vasoconstrictor response to NE. The data suggest that a similar shift occurs for the lower dose vasodilator effects of NE, but in only the control was the decrease in coronary vascular resistance statistically significant. There was no change in mean arterial blood pressure in either group of dogs at all five doses, and, as in the anesthetized dogs, there was no significant change in the rate pressure product (calculated here as the product of the aortic systolic blood pressure and the heart rate) or in the maximal positive aortic dP/dt. Therefore the coronary vascular effects of the NE, at the doses used, are unlikely to be secondary to any autoregulatory response to altered systemic arterial blood pressure or myocardial work.
In the series of experiments on the conscious dogs with adrenergic blocking agents (Fig. 5) , the vasodilator effect of the NE (0.01 and 0.001 jug/min in the control and cholesterol-fed animals, respectively) was attenuated by /^-blockade with propranolol, 0.5 mg/min. The further addition of the ablocker, phentolamine, had no significant effect. On the other hand, in both the control and cholesterolfed dogs, the vasoconstrictor effect of the larger NE dose (1.0 /xg/min) was abolished, even reversed, by phentolamine. These results are consistent with the interpretation that a-blockade has abolished the a-receptor mediated vasoconstriction of the higher NE dose, and unmasked the /^-receptor mediated dilator response. This is confirmed by the reduction of the vasodilation by the addition of propranolol.
Discussion
The coronary vessels of the dog have a rich monaminergic innervation, as demonstrated by the histochemical fluorescence method (Schenk and El-Badawi, 1968; Dolezel et al., 1978) . The distribution of monoaminergic terminals in the arterial wall depends upon the diameter of the artery. In large arteries, the terminals are regularly distributed around the entire circumference, the fibers being situated between the elastic lamellae of the adven- VOL. 48, No. 3, MARCH 1981 Conscious dogs *P<005 Figure 4 . In the control dogs (top, left) , the vasodilator action of NE, 0.01 \i.g/ min, is abolished by the addition to the infusate of the p-adrenoreceptor blocker, propranolol, 0.5 mg/min; the addition of the a-adrenoreceptor blocker, phentolamine, 1.0 mg/min, had no effect. Also in the control dogs (top, right) , the vasoconstrictor action of NE, 1.0 fig/' min, is abolished, and in fact, slightly reversed, by phentolamine; the addition of propranolol brings the ratio back toward the baseline. The same pattern of reactivity is shown in the cholesterol-fed dogs (bottom panel). These data show that the vasodilator responses to the smaller NE doses are mediated by fi-adrenoreceptors, whereas the vasoconstrictor effects of the larger NE doses are areceptor dependent. The reversal of the effects of the larger doses of NE by an a-blocker can be explained on the basis of the "unmasking" of unapposed ^-receptor mediated dilation; the further addition of a /3-blocker abolishes this vasodilator effect.
FIGURE 5 Effects of adrenergic blocking agents on the actions of selected doses of NE in control (top) and cholesterol-fed (bottom) conscious dogs. CVRNE/CVRSAL is explained in the legend to
titia. In small arteries, the sympathetic ground plexus aggregates into parallel strands in the adventitia. Terminal autonomic axons also have been shown to be associated with capillaries and postcapillary venules in the mouse heart, although the significance of these is quite unknown (Uchizono, 1964; Forbes et al., 1977) .
The functional importance of the coronary innervation is still controversial. It is generally accetped that myocardial metabolism and oxygen demand are the primary determinants of myocardial blood flow. However, most of the studies on which this statement is based were done either on isolated preparations or in anesthetized, open-chest animals. The present study shows that in anesthetized open-chest dogs, autoperfused via a modified Gregg cannula system, infusions of norepinephrine at doses too low to have any measurable myocardial effect cause a dose-related coronary vasodilation in both the inner and outer layers of the myocardium. This finding is in accordance with those studies that have shown dilation of coronary vessels in response to either sympathetic nerve stimulation or catecholamine injection or infusion, independent of an increase in myocardial metabolism (Klocke et al., 1965; Mark et al., 1972; McRaven et al, 1971 ). The coronary vascular receptors for this effect are of the fi-2 type, since selective y8-l blockade does not affect the coronary dilator response to isoproterenol (Adam et al, 1970; Gross and Feigl, 1975; McRaven et al, 1971) . Our finding that propranolol blocks NE dilation is consistent with these reports.
We have found also that the effect of norepinephrine on the coronary vascular bed in conscious animals is dose-dependent; a smaller dose causes vasodilation and larger doses cause vasoconstriction. Both effects are independent of any change in our measured indices of myocardial metabolism, and are not due to autoregulatory responses to changes in systemic arterial blood pressure. Vatner et al. (1974) also have shown a sustained increase in mean coronary vascular resistance induced by norepinephrine in conscious but not anesthetized animals; the change was abolished by a-receptor blockade. This constriction therefore undoubtedly is produced by a direct effect on a-receptors in the coronary vascular bed.
Other studies have demonstrated the capacity for the development of neurally mediated coronary vasoconstriction. Examples include the increase in coronary vascular resistance following severe baroreceptor hypotension, when the reflex tachycardia and augmentation of myocardial activity are blocked with propranolol (Szentivanyi and Juhasz-Nagy, 1963) . This increase in coronary vascular resistance can be prevented by interruption of the cardiac efferent adrenergic nerves (Brachfeld et al, 1960; Hackett et al, 1972) .
It is likely that neurally mediated effects on coronary blood flow may be present even during profound metabolically induced coronary vasodilation. For example, during reactive hyperemia, when the coronary vasodilation occurs as a result of powerful metabolic stimulation, stellate ganglionectomy and the administration of phentolamine cause a substantial reduction in the coronary vascular resistance. The reduction may be due to some areceptor "tone" even in the presence of a powerful vasodilating influence (Schwartz and Stone, 1977) . It is likely therefore that sympathetic vasoconstriction competes with metabolic vasodilation in the coronary circulation (Mohrman and Feigl, 1978) . Also, since we have shown in this study that dilation or constriction may be produced by norepinephrine, depending upon the dose, it is possible that the degree of metabolic dilation produced under phys-iological conditions may be influenced considerably by the intensity of sympathetic efferent stimulation, or by alterations in the local modulation of adrenergic transmitter release or of the norepinephrineadrenoreceptor interaction.
The pattern of vascular reactivity to NE in the coronary circulation, as shown in this study, is identical to that previously described for the brain (Rosendorff, 1972) . In both the cerebral and coronary circulations, NE has dose-dependent effects on blood flow; small doses dilate resistance vessels, larger doses are vasoconstrictor. The vasodilator effects of the smaller doses are attenuated by /?adrenoreceptor blockers; the vasoconstrictor effect of the larger dose is reversed by a-blockers. This suggests that the /8-receptors have a lower activation threshold, but that with larger doses of NE, both /S-and a-receptors are stimulated, the net result being an a-receptor mediated vasoconstriction. The only qualitative difference between the anesthetized and the conscious animals is the absence of a vasoconstrictor component in the anesthetized dogs. This type of analysis predicts that higher doses of norepinephrine in anesthetized animals would have a vasoconstrictor effect, but unfortunately higher doses also produced a very significant myocardial stimulation with a further metabolic vasodilation. However, even after /?-l blockade of the myocardial effects of the higher doses of norepinephrine, Rosendorff and Lewis (1977) were unable to show vasoconstrictor effects at those doses. The absence of a vasoconstrictor effect of NE in pentobarbital-anesthetized animals, in this and other studies (Rosendorff and Lewis, 1977; Vatner et al., 1974) , therefore probably is due to the direct effects of the anesthetic agent on coronary vessels. Pentobarbital and many other general anesthetic agents have a variety of effects on vascular smooth muscle including a direct dilator action (Hershey et al., 1953) , inhibition of the development of spontaneous mechanical activity, dose-dependent attenuation of vasopressor-induced contractions, non-competitive displacement of the doseresponse curves of vasoactive substances, and the attenuation of the calcium-induced contractions of potassium-depolarized vascular smooth muscle strips Altura, 1975a, 1975b) . For all of these reasons, it seems that pentobarbital-anesthetized animals are capable of producing only the vasodilator responses to norepinephrine, but conscious animals show the full pattern of low-dose /?adrenoreceptor mediated vasodilation, and a highdose a-adrenoreceptor mediated constriction.
It is of interest to note that the vasodilator doses were much lower in the conscious than in the anesthetized dogs. We infused NE into the coronary arteries in the anesthetized dogs and intravenously in the conscious dogs; concentrations of NE reaching the coronary vessels therefore must have been quite different. For intracoronary infusion, 1 /tg/ min would have been diluted in about 100 ml/min of coronary flow, thus giving a concentration of 10 jig/liter of total agent or 5 jug/liter of norepinephrine base. For the intravenous infusion, 1 jig/min of NE was diluted in the cardiac output of, say, 2000 ml/ min to give a concentration reaching the coronary arteries of about 0.5 jug/liter. The body load of NE was the same for each, but the concentration of NE reaching the coronary arteries was quite different; we assume that, in this study, the effects depend upon the concentration of NE at coronary vascular adrenergic receptors, so that the sensitivity to NE was enhanced even more in conscious dogs than the actual data show.
Perhaps the most interesting finding in this study is the leftward shift of all the NE dose-response curves in the hypercholesterolemic dogs; cholesterol sensitizes coronary vessels to NE. This also has been shown in the kidney, both in vivo and in vitro, in the brain and in skeletal muscle. Cholesterol-rich plasma, from patients with obstructive jaundice (Bloom et al., 1975a) or Type Ha hyperlipoproteinemia or prepared by adding /Mipoprotein concentrate to normal plasma (Bloom et al., 1975b) , causes a leftward shift of the dose-response curve of the effect of NE on the vascular resistance of an isolated, perfused rabbit kidney preparation. Similar effects are seen in the baboon kidney in vivo (Bloom et al., 1976; Bomzon et al., 1978) , and here the NE potentiation is due to sensitization of a-adrenoreceptors (Bomzon et al., 1977) . The present study has shown cholesterol sensitization of both /J-adrenoreceptors (in anesthetized and conscious dogs) and a-adrenoreceptors (conscious dogs only) in coronary vessels.
Recently, Yokoyama and Henry (1979) have shown that cholesterol enhances the constrictor effects of calcium chloride on isolated coronary arteries, probably by a nonadrenergic mechanism. Therefore cholesterol sensitization of coronary artery responses is not specific for NE. It is probably not specific for cholesterol either. For example, a depot estrogen and progesterone preparation sensitizes cerebral resistance vessels to the vasoconstrictor effects of 5-hydroxytryptamine ; y8-estradiol does the same thing, but dexamethazone does not. Therein lies the clue to a possible mechanism of action of cholesterol in potentiating NE effects, because /?-estradiol is a very potent inhibitor of the tissue (non-neuronal) uptake ("uptake-2") of NE released from sympathetic nerve terminals, whereas dexamethazone is not (Salt, 1972) . Inhibition of this uptake mechanism could result in an increase in the concentration of free NE available to interact with adrenoreceptors, and this increase will shift the dose-response curve to the left. This idea is supported by the observation that the specific uptake-2 blocker, a haloalkylamine coded GD 131, has very similar effects to cholesterol and yS-estradiol on vascular sensitivity to NE (McCalden et al., 1977) . In addition to uptake-2 inhibition, there are other possible mechanisms of VOL. 48, No. 3, MARCH 1981 steroid-sensitization of vascular smooth muscle to NE. The interaction between NE and a-and /?receptors can be affected by a modulation in the rate of release of the neurotransmitter from nerve terminals, the rate of its uptake back into nerve terminals (uptake-1) or into vascular smooth muscle (uptake-2), the efficiency of other inactivation mechanisms including the enzymes monoamine oxidase and catechol-o-methyl transferase, the drug receptor affinity, the number or at least the relative ratio of a-and /J-receptors, and the transduction process whereby adrenoreceptor activation is translated into a measurable physiological or pharmacological effect. We do not yet have the answer to which of these mechanisms may be acting in cholesterol-induced coronary sensitization to norepinephrine. However, recent work from the laboratory of one of us (C.R.) suggests that there may be a change, in cholesterol-fed animals, in the binding characteristics of the a-adrenoreceptors in vascular smooth muscle cells, and that this is a cholesterolinduced increase in the number of membranebound a-binding sites with no change in a-ligand receptor affinity. considered to be the digitalis receptor (Matsui and Schwartz, 1968; Schwartz et al., 1971; Dahl and Hoken, 1974; Wallick et al., 1979) .
In this study we examined myocardial Na + -K + -ATPase activity in dogs and guinea pigs of various ages, measuring the function of the enzyme in vitro in terms of active rubidium uptake (Hougen and Smith, 1978; Hougen et al., 1979) and specific ouabain binding (Schwartz et al., 1971) . In other dogs, myocardial enzyme activity and digoxin content were measured after administration of a toxic dose of digoxin.
Methods
To determine the influence of age on myocardial Na + -K + -ATPase activity (protocol A) and susceptibility to digitalis cardiotoxicity (protocol B), myocardial-specific ouabain binding and active rubidium uptake were measured in the following groups of animals.
